The effect of a sublethal dose (1 5 &kg) of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) was studied in selected tissues of male Sprague-Dawley rats by histological.techniques I, 3, 7 and 14 days after TCDD dosage. Histology of the heart, muscle, white adipose tissue, pancreas and the thyroid was unremarkable and that of the liver was found in agreement with previous reports. However, considerable changes were seen in interscapular brown adipose tissue (IBAT) of TCDD-treated rats. Initial accumulation followed by depletion of lipids, appearance of glycogen, cellular, mitochondria1 and nuclear transformations were observed. In conjunction with other experiments it is concluded that a sublethal dose of TCDD alters fat and glucose metabolism in IBAT.
INTRODUCTION
The central role of brown adipose tissue in temperature and body weight regulation of newborn as well as adult mammals (both homeothermic and poikilothermic) has been well established in recent years (7, 8, 10, 18) . The most striking feature of acute 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) intoxication is a disturbance of the energy balance as manifested by weight loss (17) and possibly altered thermoregulation (1 3). Therefore, it is somewhat surprising that this tissue has been overlooked as a potential target tissue in TCDD toxicity as well as in other instances of intoxications, when body weight loss is a prominent symptom.
Based on pharmacokinetic considerations brown adipose tissue has been proposed as a likely target tissue in the toxicity of TCDD (1 1). Subsequent investigations revealed that a lethal dose of TCDD causes massive damage of interscapular brown adipose tissue (IBAT) both in cold-and room temperature-adapted rats (15) course of changes in IBAT of lethally intoxicated rats has been described in detail (14) . Since body weight loss and subsequent retarded growth also occurs after a sublethal dose of TCDD (1 7), it was of interest to examine what, if any, effect such a dose of TCDD would have on IBAT.
METHODS
Twenty-four male Sprague-Dawley rats (Sasco, Omaha, Nebr.) were housed in wire-bottomed metabolism cages with free access to feed (Ralston Purina Co., St. Louis, Mo.) and water (room temperature 25 ? 2"C, 12-hour light/dark cycle, uncontrolled humidity) . After an adaptation period of 1 week, 12 rats (272 f 4 g) received ip 15 pg TCDD (Cor Isotopes, Cambridge, Mass.; chemical purity 99.8%) in corn oi1/4% anisole solution (4 ml/ kg) whereas the other 12 rats (27 1 -t-3 g) were dosed with vehicle alone. Three control and 3 TCDDdosed animals were terminated at 1, 3, 7 and 14 days after the TCDD dosage. Heart, liver, gastrocnemius muscle, epididymal white adipose tissue, IBAT, thyroid and pancreas were removed from each rat. For light microscopy formalin-fixcd (1 0% phos-425 TOXICOLOGIC PATHOLOGY and TCDD-treated rats 1 day (lb), 3 days (lc), 7 days (Id) and 14 days (le) after 15 & k g TCDD given in corn oiV4% anisol, ip. The brown adipocytes become first hypertrophic containing fewer but larger lipid droplets. Later the lipid droplets are reduced in size and number and the adipocytes resume a spindle-like form. H&E. x 160.
phate-buffered formalin) tissues were routinely processed, embedded in paraffin and stained with hematoxylin and eosin (H&E). For transmission electron microscopy, samples were fixed in 2.5% glutaraldehyde in Sorensen's phosphate buffer (pH 7), washed in buffer alone, dehydrated with ethanol and embedded in Epon 8 12. Sections were first cut at 1 pm, then thin sections (70 to 80 nm) were mounted on uncoated grids and stained with uranyl acetate and Reynold's lead citrate (9). The ultrastructural examination was performed with a JEOL JEM 100 CX microscope at an accelerating voltage of 60 kV.
RESULTS
Body weight of control and TCDD-treated rats is depicted in Table I . Weight gain of TCDD-treated rats was not compromised until day 3 after dosing. 
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Values are mean 2 SE, 3 animals per group.
By day 7 a slight decrease in body weight occurred followed by resumption of weight gain by day 14 after TCDD dosage. Histology of the heart, muscle, white adipose tissue, pancreas and the thyroid was unremarkable and therefore no results are shown. Livers of TCDDtreated rats showed degenerative changes as reported by other investigators (4,5). Therefore, a detailed description of these changes will not be made.
H&E stain of IBAT from control and TCDDtreated rats 1,3,7 and 14 days after dosing is shown in Fig. 1 . Panel l a shows IBAT in a control rat. Spherical brown adipocytes are clearly identifiable by centered round nuclei and numerous small lipid droplets. In addition, a dense capillary network lined by endothelial cells is also discernible. Panel l b shows IBAT 1 day after dosing with TCDD. Brown adipocytes are clearly hypertrophic, containing fewer but larger lipid droplets. Three days after dosing (panel lc), the size of brown adipocytes as well as that of lipid droplets are still larger than in controls, albeit lipid droplets are somewhat smaller than 1 day after TCDD dosage. Seven days after dosing (panel Id), there is a further reduction in the size of lipid droplets and by day 14 (panel le) brown adipocytes contain fewer and smaller lipid droplets than controls. Furthermore, at this time many cells seem to have undergone spindle-like transformation. In addition, there is a strikingly increased euchromation observable in the nuclei of brown adipocytes from TCDD-treated rats as compared to controls (Fig. 1) .
Electron micrograph of control IBAT is shown in panel 2a of Fig. 2 . Prominent features are the round centrally located nucleus, numerous small fat droplets within the cell and a very large number of mitochondria, essentially filling up the cell. Electron micrographs of IBAT 1 , 3,7 and 14 days after dosing with TCDD are shown in panels 2b, 2c, 2d and 2e of Fig. 2 . This series of pictures confirms changes in lipid content of IBAT as observable by light microscopy. In addition, there is an increasing swelling of the mitochondria, possibly accompanied by cell shrinkage, so that by day 14 after TCDD brown adipocytes are tightly packed with mitochondria. By day 3 after TCDD dosage, the nucleus of the brown adipocyte is surrounded by an electron-lucent band and contains numerous invaginations. These changes are not present at 7 and 14 days after dosing. Fig. 3 shows, in a higher magnification, that the cristae of mitochondria from control rats are parallel (panel 3a), whereas those of TCDD-treated rats at 14 days after dosing display umbrella-like transformation of the cristae (panel 3b). Moreover, the presence of dark electron-dense material between mitochondria in and around fat droplets is more prevalent in TCDD-treated than in control IBAT. 
DISCUSSION
This experiment clearly demonstrates that IBAT is affected by a sublethal dose of TCDD. Similar to the effect of a lethal dose (14) , early changes (1 day after dosing) are characterized by hypertrophy of brown adipocytes and an increase in the size of lipid droplets (Fig. I) , indicative of increased supply and/ or reduced utilization of fat by brown adipocytes. Recently, it was shown that the thermogenic response of IBAT to stimulation by norepinephrine is greatly reduced as early as 24 hours after TCDD dosage (6). This finding suggests that the early increase in lipid content of brown adipocytes (probably also causing the cellular hypertrophy) may be due to decreased utilization of fatty acids by the mitochondria. However, an increased supply of triglycerides may also contribute to this effect since TCDD-treated rats are hypertriglyceridemic (2, 16) and it is not known whether lipoprotein lipase is affected in rats as early as 1 day after dosing. After this initial accumulation of lipids, there is a continuous, though much slower, decrease in the lipid content of IBAT than in lethally intoxicated rats (Figs.  1, 2) . The cause for the depletion of IBAT lipid stores is not known but it is certainly not increased thermogenesis as in cold-adapted rats, because norepinephrine-stimulated thermogenesis has been shown to be greatly reduced 2, 4 and 8 days after dosing with TCDD (6). More likely, decreased lipid content is due to reduced supply of lipids to IBAT as a result of suppression of lipoprotein lipase activity (1).
The most puzzling change is the increase of dark electron-dense material in TCDD-treated rats (Fig.  3) . This material has been identified as glycogen in another study (14) . It is suspected that brown adipose tissue plays an important role in the regulation ofglucose metabolism (3) and it is known that brown adipocytes, which indeed store small amounts of glycogen, also utilize glucose as substrate for their respiration as well as for de novo fatty acid synthesis (18) . Again, it is not possible to determine, based on histological evidence alone, whether accumulation of glycogen is due to increased supply or reduced utilization of glucose.
Finally, the nucleus of brown adipocytes in TCDDtreated rats 3 days after dosing shows similar transformations as observed 7 days after a lethal dose of TCDD (electron-lucent band, invaginations, increased euchromation), which are interpreted as signs of increased DNA and RNA activity (14) . Moreover, Spicer's stains of IBAT from TCDD-treated rats suggested increased RNA content (Rozman and Iatropoulos, unpublished) . Thus, it is possible that the changes observed in fat and glucose metabolism (1 2,' 19) represent effects of a nuclear event such as interaction of TCDD or a TCDDheceptor complex with the genome.
An overall comparison of the effects of a lethal (14) and a sublethal dose of TCDD on IBAT indicates that histological changes are qualitatively similar but less pronounced with the sublethal than with the lethal dose. This suggests the existence of doseresponse relationships between effects observed and doses of TCDD administered. It needs to be emphasized that many of the TCDD-induced changes in IBAT resemble those observable in newborn or cold-adapted rats as discussed previously by Rozman et a1 (1 4).
In conclusion, results of this study further implicate brown adipose tissue as a key or more likely the key target tissue in TCDD toxicity.
